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The Charts presented in this work have been constructed 
with the hope that they may in some manner fill a place in 
engineering. It is the author's belief that they may make 
certain computations much easier and lighten the drudgery 
that oftimes accompanies the long and tedious computations 
encountered in any field involving water, steam, and their 
mixtures. 
The Charts are accompanied by a few pages of definition 
of terms and properties; a slight historical discussion; a 
portion of theoretical and mathematical material. These may 
throw light upon processes which were used by the author or 
by those whose material has been used as source matter in 
the development of the Charts, A few examples of how the 
Charts may be used in practical work have been placed adjacent 
to the Charts with a Skeleton Chart prepared as a guide for 
the beginner, 
The author wishes to thank the members of the faculty 
of the Mechanical Engineering Department of the Georgia School 
of Technology for their kind assistance during the preparation 
of this Thesis, particularly Dr. R. S. King, for constructive 
criticisms and encouragement, and Prof. Newton C. Ebaugh for 
valuable suggestions in preparation of the Charts. 
DIFIIITIOIS 
In order that the student or engineer using these 
Charts may proceed without uncertainty, the author has 
prepared a few definitions and descriptive notes in 
regard to terms used in the Thesis and to the properties 
shown on the Charts, Further definitions or explanations 
may be found in any standard text on Thermodynamics* 
ENIR&Y is defined as the ability to produce 
an effect. 
HEAT is defined as thermal energy which passes into 
or passes from a thermodynamic system by reason of a 
difference of temperature. Heat is one of the two forms 
of transient energy, the other form having the name, Work, 
Heat may pass into or out of a system by one of two 
processes, conduction or radiation• The process, eon~ 
vectiom, which has been assigned in the past as a third 
form of heat transfer, is really the transfer of the 
system itself from one location to another, carrying its 
various forms of stored energy along with it* 
SPECIFIC HSAT is defined as the rate of adding heat 
in respect to the temperature rise of the system. 
The Specific Heat of water is variable. With the 
Charts presented herewith, there is little need of using 
specific heat. The enthalpy values on the Charts nay 
be used. 
* 3* 
SPECIFIC HEAT of superheated steam takes up no little 
space in the pages of many commentaries. However, with a 
good set of steam charts, any addition of heat may be 
determined directly without reference to the rate of 
adding same. It is unnecessary when adequate charts are 
available to be concerned over the questions of mean 
specific heats or instantaneous specific heats. Accurate 
investigations have been made which have determined the 
heat rates and these Charts are prepared after adequate 
consultation with the results of these experiments. 
ENERGY OF THE LIQUID is synonymous with the enthalpy 
of the liquid and has recently been adopted by many 
prominent writers on Thermodynamics in place of the 
confusing term, heat of the liquid. (See Enthalpy,) 
ENERGY OF EVAPORATION is the increase of enthalpy 
during the process of ebulition of water into steam. 
This term is used in place of the former confusing "term, 
heat of evaporation. 
EHTRGPY is a property of a Thermodynamic system 
which has been devised in order to facilitate cal-
culations of the changes of other properties. It has 
been defined as that property of a system, the increase 
(decrease) of which is the quotient of the increase 
(decrease) of unavailable energy and the absolute 
receiver temperature. Its significance then is that of 
*4-» 
an index of the unavailability of the heat added to a 
system, since the heat added to the system is composed 
of both available and unavailable energy. 
The accompanying figure shows that as heat is added 
from A at temperature TA to B, at temperature TB, the 
area ABB*A*, representing the heat added, is composed of 
two parts, ABGB above 
the lowest naturally 
achieved temperature, 
T0, and DCB'A* below 
T0. ABGD is the max-
imum available energy 
and DCB'A* is the 
minimum unavailable 
energy. The increase 
of entropy DC during the process of adding ABB1A* is 
therefore equal to the unavailable part added, DCB'A*, 
divided by the absolute receiver temperature, T » 
The Entropy of a system may be further defined by 
the following list of characteristics: 
1. Depends upon the weight 
2. Is the sum of the increase of entropies 
during any states passed through in 
reaching the condition 
•*§* 
3, Is relative to an arbitrarily 
determined zero 
4, Has the unit, B«T«H* per degree 
Fahrenheit 
5, Is a function of the state of 
the system 
6» Gan therefore be used as a 
co-ordinate, and 
7. Can be determined for a reversible 
process by the solution of y ^ 
or for a non-reversible process by 
the sum of the integrals for several 
equivalent reversible processes, 
ENERGY OF SUPERHEAT is the amount of heat added at 
the existing pressures from the condition of dry and 
saturated steam to a desired temperature above the 
saturation temperature for the existing pressure, 
DEGREE OF SUPERHEAT is the temperature difference 
between the existing temperature and the saturation 
temperature corresponding to the existing pressure, 
QUALITY is the percent dryness of a mixture of 
water and its vapor. 
MOISTUBE is the percent wetness of a mixture of 
water and its vapor. The sum of the quality and the 
moisture of a mixture is equal to unity* 
*j6« 
SPECIFIC VOLUME is cubic feet per unit weight. It 
is the reciprocal of density which is weight per cubic foot* 
ENTHALPY may be defined as the sura of the internal 
energy and the flow work of a fluid. Though both of these 
energy quantities are actually above zero energy, the usual 
and most convenient practice is to quote internal energy, 
flow work (sometimes called external work) and consequently 
their sum, enthalpy, above some arbitrarily assigned datum 
point, at which all three are assumed to be zero. In 
present day practice, this datum point is for water and 
steam, 32 F. and its corresponding saturation pressure, 
0,0887 pounds per square inch. Another conception of 
Enthalpy is that its increase (or decrease) is the heat 
added (rejected) to a vapor at the pressure under 
discussion* That is, Enthalpy is the heat added at 
constant pressure which would be utilized by the medium 
in an increase of internal energy and in furnishing the 
work energy to force back any exterior systems and provide 
the space necessary for the increase of volume of the vapor. 
The name "Enthalpy*, which has been called the chi 
function by many writers, notable among whom was Willard Gibbs, 
has replaced a large number of names most of which have 
been confusing either due to the inaccurate or ambiguous 
implications* &ome of these are total heat, heat content, 
thermal potential, thermal head. Those terms which contained 
the word KSAT(fceat content or total heat), intimated that 
all of the energy transferred to a system would be present 
in the system. This is not true since the PV portion is 
not stored energy in any sense. There are several other 
"potentials11 so that the name, "thermal potential1*, is 
quite confusing. Thermal head has hydraulic implications 
that have a tendency to be misleading. 
FRICTIONLESS ADIABATIC PROCESSES are those which are 
accompanied by constant entropy processes. Any other 
processes will be accompanied by a variation of entropy 
dependant upon whether the unavailable portion of the 
energy is increased or decreased* 
YfORK is a form of energy caused by a force acting 
through a distance. It may also be caused by a pressure 
being exerted upon a system such that a change of volume 
may result* 
POUR is the rate of doing work. Power is a function 
of the time. The work of a cycle is the equivalent of 
the algebraic sum of the heats added and rejected during 
the cycle. 
MECHANICAL EQUIVALENT OF HEAT is the factor used 
to transform energy in heat units into energy in work 
units. This factor has its being as a corollary of 
the law of conservation of energy. 
A FLUID may be thought of as any medium which has 
the properties of flowing. The usual classification of 
of fluids is LIQUIDS, VAPORS, and GASES, It is true 
with few exceptions that a compound or element nay at 
different values of its fundamental properties, 
temperature, pressure and specific volume (or its 
reciprocal, density), be found in each of these classes* 
Many fluids may go entirely below this fluid classifi-
cation and become solids. 
,*4$6fc • 
HISTORICAL DISCUSSION 
Since Fluids as defined above may pass from one of 
these afore mentioned classes (liquid, vapor, gas) into 
another with varying values of the properties, it is a 
convenience and usually a necessity that tables and charts 
b© prepared that ?/ill make it easy to determine which 
form the medium may possess at certain values of the 
properties, and how certain of the principal and derived 
properties vary as one or more is independently changed. 
Among the charts which have been most useful in the 
analysis of vapor cycles are those known as "Mollier 
Diagrams11 and the Pressure-Volum^ diagram. Though a 
number of diagrams have been designated by the name 
"Mollier1*, the man who constructed early charts for 
steam, the one usually designated is the Enthalpy-Entropy 
(Heat-Entropy) Chart. For the sake of analysis and for 
the purpose of instruction, another chart, the Temperature-
Entropy, has been found very useful. 
The Ellenwood Charts were published first in 1914, 
the principal one being the Enthalpy-Constant Volume 
(Total Heat-Volume) Chart with other properties drawn in, 
Supplementary to this was the chart with A PV and ? as 
coordinates. All of these charts have their specific 
uses. The one developed in this thesis has a number of 
very particular uses which are mentioned and explained 
in detail later. 
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For many years the Marks and Davis steam tables 
and accompanying charts have been used and have served 
a very fine purpose in engineering work, 
The results of the Davis-Kleinschmidt Joule-Thomson 
tests were presented to the annual meeting of the American 
Society of Mechanical ̂ iî ineers in December 1923. The 
General Electric Company developed charts with permission of 
Dr. Harvey N. Davis. Mr. George A. Orvok, Chairman of 
the A«S»K,E. Committee on Properties of Steam, was cordially 
interested and kindly gave access to all data of that 
Committee. The General Electric Company chart was con-
structed for Enthalpy-Entropy (Total heat-Entropy) between 
the pressures of 0«2 pounds per square inch and 750 
pounds per square inch and up to 800° F. Volume Tables 
were later developed in the range of 1 pound per square 
o 
inch and 1200 pounds per square inch and 400 F. Superheat. 
These were calculated from tests and from the evaluation of 
(lp)f 
Keenam Tables have been produced in America devel-
oped from data resulting from tests by li. B. smith and 
F. G. Keyes of Massachusetts Institute of Technology; 
E. 5. Mueller, N. S. Osborne, H. F. Stimson, E. P. Fioch, 
and associates of U. S. Bureau of Standards; R. C. K. Herk 
of Rutgers College; A. D. Risteen; H. H. Davis, President 
of Stevens Institute; Lionel S. Marks of Harvard University; 
F. 0. Ellenv/ood of Cornell University; M. G. Steart; 
C. H. Berry; and George A. Orrok, consulting Engineer 
S. L. Robinson of the ITurbine Engineering Department of 
General Electric Company and Joseph H. Keenan formerly 
of General Electric Company and at present of Stevens 
Institute, and others* 
According to the opinion of Dr. Jakob in four 
lectures delivered before the University of London in 
the spring and summer of 1931, as quoted in Mechanical 
Engineering, Volume 54, April and May 1932, steam 
engineering until recently had made greater advance 
than steam physics with pressures exceeding that of 
the critical point, 3226 pounds per square inch and 
progressing to temperatures of 1000° F* Physical 
science has followed slowly, partly because the 
investigation of high pressure and superheated steam 
was possible only with proper apparatus, the con-
struction and use of which was not familiar to 
physicists. He refered to work previously done, such 
as that of Professor Callendar, which he considers of 
high order, and of other investigations, including 
his own, under Professor Knoblauch, and that of 
Osborne in America. He also cited the more recent 
investigations carried out in Czechoslovakia, England, 
Germ&ny and the United States. 
All these investigations, he said, were undertaken 
for the purpose of determining for water and steam, 
—12"» 
at all possible pressures and temperatures: (l) The 
specific volume, for calculation of the dimensions of 
steam engines; and (2) the enthalpy, for evaluating 
the heat balance of the same engines. These v/ere 
effected by direct measurements, or by indirect methods, 
namely, by using molecular or thermodynamic relations, 
leading from the volume to the enthalpy, and vice versa, 
Nearly all possible paths to this end have been 
traversed. 
In considering the fundamental thermodynamic 
properties of water and steam, Dr. Jakob began with 
the direct measurement of the characteristic values 
p,v, and T, and gave a table summarizing the different 
measurements of these values with the names of investi-
gators. The saturation line of steam was measured in 
Germany by Holborn and Henning, and at higher pressures 
up to the critical point by Holborn and Baumann. The 
new American measurements of Keys and Smith gave 
nearly the same values, namely, 225.8 atm. and 374.1 C« 
Above 100 kg. per sq. cm., however, Keyes found higher 
saturation pressures than Holborn, the difference 
reaching nearly 0.5 kg. per sq. cm. at 220 kg. per 
sq. cm. In England, Igerton and Callendar, Jr., quite 
recently checked these results against their onm 
measurements and obtained close agreement with the 
German observations* According to the measurements 
*13* 
and theo re t i ca l considerations of the l a t e Professor 
Callendar, t he re should exis t , above 225 kg. per sq.cnu 
o 
and 374 C , an unstable region, in which water and 
steam form mixtures, and only above 257 kg. per sq.cm. 
and 380.5° G. is a uniform state to be found. 
The thermometers and gages which were used in 
these measurements were described in the original text, 
which also describes the instruments used in other 
measurements. None of these descriptions were reported 
in Mechanical Engineering because of lack of space* 
A particular lack of knowledge has existed until 
recently regarding the specific volume of water, but 
this deficiency has been made good by recent experiments 
in imerica, England, and Germany• The values obtained 
by several experimenters were given in a table in the 
original text. The values up to 300° C. and 250 kg. 
per sq.cm. agreed with one another within 0 to 0*9 per 
cent; those up to 320° C. and 300 kg. per sq. cm. within 
1.3 per cent; near saturation above 320° C. the values 
of Trautz and Steyer were too high by a maximum of 
3.7 per cent. 
The specific volume of steam up to 10 atm. was 
determined more than twenty-five years ago by Knoblauch, 
Linde, and Klebe, of Munich. Today the results of the 
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measurements of Keyes and Smith have also been made 
available. These experiments cover specific volumes 
from 5 to 150 cu. cm, per gram, a pressure range from 
1 to 183 (partially even to 246) kg, per sq.cm. and 
temperatures from 200 to 460 C. Professor Callendar, 
however, has proceeded the farthest, namely, even 
beyond the critical point• More than thirty years 
ago Callendar established, by measurements in a steam 
engine and otherwise the following equations referring 
to the adiabatic change of state of superheated steam? 
pV1.3 = constant 
vr10/3= 
constant 
in which v is the specific volume, if the correction for 
covolti&e, as the specific volume of the molecules 
themselves has been named by van der faals, is neglected, 
Sallendar carried out measurements of the specific 
volume near the critical point which led to such curious 
results that he did not try to publish them until about 
twenty years later. In these experiments, Sallendar 
found that at 374° G* the densities of the liquid and the 
vapor were not equal as demanded by the theory of 
van der faals and as observed by earlier investigators* 
*1S* 
mmmmmmmmm •m 
Contrary to t h i s , as can be seen from Figure 1, 
the densi ty of water was found to be about 0.435, while 
that of steam was about 
0.26 gram per ctuciu 
Only a t 380.5° C 
(corresponding to 257 
instead of 225 tech-
nica l atmospheres) do 
the values coincide 
a t the density of 
0.375. The upper curve 
(for water) i s observed, 
and the lower curve i s 
interpolated* 
360 365 310 314 
Temperature, Degrees Caitigfade 
FIG. 1 TEMPERATURE-DENSITY CURVES FOR 
STEAM AND WATER 
According to this, Professor Gallendar supposed 
that, above 374° C.> there existed an unstable region 
in which water and steam were mixed intimately. In this 
region»instead of a meniscus, there was to be seen a 
demarcation line, as was the case in layers of two 
liquids having nearly the same density. To maintain this 
appearance, absolutely pure steam was essential; 
Professor Gallendar stated that the air contained in 
his steam was only one 10 th part of the total weight* 
With the least impurity of the steam, mist was formed, 
and the line separating the two substances vanished* 
:j 
Since excellent new observations of the specific 
volume had been made in the region of liquid water, as 
well as in that of superheated steam* these observations 
being near the superheated line, it was possible to 
obtain this line itself by an extrapolation from both 
sides, which might almost be regarded as an interpolation, 
Reference was made to the measurements of the Thomson-
Joule effect in the United States, England, and Czecho« 
Slovakia, and the Havlicek apparatus• 
Br* Jakob showed by a mathematical analysis that 
all that was necessary to determine by experiment as 
functions of the temperature was «c , the supply of heat 
energy without changing the content,^ , the isothermal 
supply of heat energy and withdrawing of water, and % , 
the isothermal supply of heat energy and withdrawing of 
steam, and if these values were determined in a certain 
region, it wets possible to calculate from them all the 
thermodynamic properties relating to the saturation 
region of water and steam with the exception of vf and 
vH (specific volume of 1 kg* of water and specific volume 
of 1 kg. of steam, respectively), for which the value 
of dp/dT along the saturation line was necessary* 
The Merican authors have not given values for 
the specific heats e* and cH and the specific volumes 
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v* and v**, the latter being apparently omitted because 
the saturation line has not been determined in the 
Bureau of Standards* 
Two points were made regarding the heat content 
of water* (l) At 15° G., ceteris paribus, the Bureau 
of Standards obtained a value of the enthalpy of 
water about 0.1 per cent lower than that of Jaeger 
and Steinwehr, each of the two groups of investigators 
maintaining that their measurements were accurate to 
within a few ten-thousandths. (2) The values found 
by Dieterici seemed to be too high by 0.5 per cent, 
at most, below 200° G., and too low by 0,8 per cent 
in the region above 200° C. Hock corrected the 
values of Dieterici and reduced them to the Bureau 
of Standards values. By this, above 200° C , the 
agreement was as near as 0*2 percent. (Attention is 
called to the discrepancy in the values of the 
electrical equivalent of the heat unit, based on 
the measurements of the Bureau of Standards and 
of the Reichsanstalt, and the different definitions 
of these units.) 
Direct measurements of the latent heat of 
steam at higher pressures have, up till the present, 
not been carried out anywhere in so wide a range 
*ii* 
as in the Reichsanstalt: first, up to 180 C. (19 kg. 
per sq# cm.) by Henning; then, twenty years later, by 
the same method but with entirely different apparatus, 
by Jakob up to 210° C. (20 kg, per sq. cm.) and, 
finally, in cooperation with hie assistant, W* Fritz, 
up to 310° C. (101 kg. per eq. cm.) These latter 
have reeently been working in the region between 
101 and 200 kg. per sq. cm. The principal reason 
why the latent heat was dealt with so thoroughly 
was that in the most technically important region 
this heat quantity signifies the greatest part of 
the enthalpy of steam. At 10 kg* per sq. cm. and 
450° 0., for instance, the liquid heat was 180, 
and the energy of superheat 140 kilocalories 
per kg., whereas the latent heat was 180 kilocal-
ories per kg., that is, 60 per cent of the enthalpy. 
Even at 100 kg. per sq. cm. and 450° C«» the latent 
heat was still 41 per cent of the enthalpy, being 
nearly as much as the liquid heat. 
The apparatus used by Jakob differed consid-
erably from the American apparatus• The most obvious 
difference between his calorimeter and that of 
Osborne was in the dimensions. 1¥hereas the latter 
was designed for a water content of •§• kg., Jakob*s 
-19* 
calorimeter had a capacity ten times as great* Not-
withstanding its smaller form, the American apparatus 
was only suitable up to 50 atm*, whereas with Jakob's 
the experiments could be carried out up to more than 
100 atm* without difficulty, and slight alterations 
suggested in the original text would enable it to be 
employed up to 200 atm* The total height of Jakob's 
apparatus was about !§• m* 
The fundamental equation of the method used by 
Jakob was given in the original text, and permitted 
the calculation of the latent heater, in two ways* 
Both methods of calculation were used, but instead 
of starting from only two or three tests, each giving 
an equation referring to another mass, sw, Jakob and 
his associates always treated all experiments belonging 
to a certain temperature together, by the method of 
least squares. Certain further corrections were 
indicated« A graph in the original text ranging to 
250° C* and 40*5 kg* per sq. cm* pressure was given 
to show how closely the difference series of the 
German experiments connect with one another* Up 
to 56 kg* per sq* cm* the difference between th© 
Osborne and the Jakob values uras always less than 
0«2 per cent* 
20* 
Steam research can be approached through regions 
of physies which seem to lie off the main path, one 
such way being by the acoustic phenomenon of sound 
velocity* At this point, however, Dr. Jakob dealt 
more in detail with modern optical methods based 
©n the employment of theories concerning the behavior 
of the atoms in the molecule* In this kind of work 
the gram-molecule was used as a unit of weight and 
denoted a a mol* The methods of calculation of the 
energy of rotation of a diatomic and triato&ic mole-
cule were presented, and the difficulties involved 
were briefly stated* 
Spectroscopy was mentioned as a method by 
which, from the place of the spectral lines in the 
spectrum, one could exactly determine the frequencies* 
This opened the possibility of determining by means 
of spectroscopic measurements that part of the 
specific heat which was not obtainable by the classical 
theory of molecules* As in all problems of spectro-
scopy, the question consisted (l) in obtaining clear 
and distinct lines, and (2) in interpreting them in 
a right manner* Neither condition was easy to fulfil* 
The difficulties as regards the so-called "polar1* 
or ttheteropolarH molecules such as those of water consisted 
-£1-
in fact that the spectra in question lay far in the 
ultra-red and could not be fixed by ordinary photographic 
plates; further, they possessed a very great number of 
lines, and the fundamental vibration was difficult to 
determine; finally, there existed also optically inactive 
vibrations. Jakob tells how a way out of these diffi-
culties was opened up by the use of the so-called 
Raman effect* 
In comparing the results of the spectroscopic 
and calorimetric methods, with reference to diatomic 
gases, Jakob stated that the spectroscopic method had 
already succeeded in determining the variation of the 
specific heat with the temperature probably more 
exactly than other methods, and that, regarding steam, 
results seemed quite close at this point. This, how-
ever, held good only for atmospheric pressure* It 
seemed to be of decisive importance to have a full 
knowledge of the polymerization, or, as Professor 
Callendar called it, coaggregation of the molecules* 
fhe Callendar theory was published in 1900 and was 
restated by Jakob in his lecture. Callendar based 
his calculations on the value of c Q - 1JL R, where 
R is the special gas constant for steam. From 
measurements made in Munich, it was found that even 
*23» 
at moderate temperatures c Q was not constant hut 
increased with the temperature* This Jakob considered 
as one of t he weakest points in Callendar 's system, 
though j u s t i f i e d by expediency* 
Jakob pointed out a minor defect of the Callendar 
system dealing with Callendar 's expressions for v, and 
then proceeded to the consideration of Callendar 's 
hypothesis tha t i n each volume of water the same 
volume of steam was dissolved. From t h i s hypothesis 
h© obtained$ 
• i * - e i V J c L r 
Y " ™ v ' 
Since this equation seemed never to have been rigidly 
derived, Dr* Jakob proceeded to give a derivation* 
He assumed an ideal liquid, differing from real water 
only by the singularity that no steam be dissolved in 
it, and that its specific heat be denoted by c^ , where 
c. signifies the well known minimum value of the 
i 
specific heat of water. He suggested that 1 kg* of 
real watert with the specific volume v*} originated 
in the following way? the volume v* might originally 
be filled by ideal water, and then the same volume of 
steam, that is, v'/v* kg* of steam be dissolved in it. 
To produce this mass of steam, the heat quantity 
-23-
(•*A , , . ) r i would fee necessary where r^ signif ied the l a t en t 
heat of idea l water• Since, af ter t h i s a part of the 
r ea l water consisted of dissolved steam, the evaporation 
of 1 kg* of r e a l water required only the heat quanti ty; 
r - **i - j r l p i : v
w - v* r i 
from which i t immediately followed tha t 
v* 
r, according to Callendar*s hypothesis, the enthalpy 
of real water was 
And substituting r^ from the preceding equation, Calendar's 
starting equation was obtainedt 
i* « ejt.+ v* ^ 
?" -» v* 
Subst i tut ing in t h i s equation, according to t he formula 
of Glapeyr©m-*Glausiusj 
sifll 
vM - •* J dT 
be obtained 
i f s c i t + l v« T d*> 
J dT 
He s ta ted tha t i t was remarkable, but had apparently 
been forgotten tha t Callendar s tar ted or ig ina l ly from th i i 
«»«4B*» 
equation, established as early as 1889 by J. M. Gray, 
and adopted in the year 1902 by Callendar, and that 
the suggestion of the *ideal water*, on which Gray 
based his equation, was originated earlier by Rankine*. 
In developing the above equations, Callendar finally 
obtained an equation for the saturation pressure, and 
Jakob brought out that the saturation pressures calcu* 
lated according to this formula deviated from the 
best-known experimental values by less than ± 1 percent 
in the region from 200 to 374° G. This was an aston-
ishingly good result considering the way in which it 
was obtained. However, Callendar*s theory did not 
correspond entirely to reality, since as shown in the 
original text, the best experimental values agreed 
at least by 0.1 to 0.2 percent. 
Jakob mentioned that the equation of the satura-
tion pressure (44 in the original) was said to hold 
good even beyond 374° C.» up to the extraordinary 
temperature of 380.5° C. On the contrary, the equations 
of the enthalpy and of the specific volume (28 and 29) 
were said to fail at the saturation limit from 374° to 
380*5e C. If Jakob understood Callendar in this 
respect, these equations gave only the specific volume 
of steam when separated from the water by a meniscus* 
—18§» 
But beyond 374° C , instead of the meniscus a horizontal 
separation line existed, which Callendar called a 
demarcation line,1* and the medium under consideration 
was not water and steam, but two water-steam mixtures. 
Below 374 0. (225 kg. per sq.om.) water and steam were 
described as mixtures of molecules of different complexity* 
The water molecules decreased in complexity with increas-
ing temperature, whereas the number of complex molecules 
in the vapor increased with rising pressure. At pressures 
beyond 225 kg. per sq. cm,, the molecules in the part 
occupied hy steam became still more c©aggregated and at 
the same time less in number, and since, according to 
Callendar's hypothesis, as many steam molecules were 
always dissolved in the water as existed in the same 
volume of steam in equilibrium with the water, the 
numbers of steam molecules also, still present in the 
water, continually decreased until ultimately at 380.5 €*, 
all steam molecules ?/ere condensed and the mixture had 
taken on the properties of water. It is just this 
hypothesis of the equality of the dissolved steam 
volume with the water volume, which led most naturally 
to the relations 
v* « v % iH « i*, and r s 0 
Which signify that now there existed no longer any 
difference between the steam of highest complexity and 
the water. 
-%$-
This is a theoretical corroboration of the suggestion, 
appearing rather arbitrary on first sight, that exactly 
as many molecules of steam should be dissolved as exist 
in the same steam volume. Another explanation of this 
suggestion was formerly given by interpreting the water 
surface as a film semi-permeable to steam molecules* 
Jakob says in Mechanical Engineering, May 1932, 
"That only the newest Table, that of Keenan, of 1930 
remains always inside the Tolerance." (international 
skeleton Table,) 
Each steam table author, in preparing his tables, 
started from such properties of steam as seemed t© him 
particularly suited for this purpose, as determined by 
series of experiments. These values were reproduced by 
empirical formulae from these, using other known properties 
as laws, the remaining properties were calculated. The 
two points kept in mind were (l) Latent heat of evapora-
tion at critical point s 0,(2) Consistency of the results 
with their own and those of other workers. 
To quote from Mr. Keenan, Assistant Professor 
Mechanical Engineering, Stevens Institute of Technology, 
"The recent world wide research has revealed the character-
istics of superheated steam throughout wide ranges of 
pressure and temperature which the older steam tables 
-ST* 
had covered by intelligent guesses and ingenious speculations*w 
The article of which this quotation was the opening 
paragraph went on to give a very interesting report of tests 
made by the Special Research Committee on Thermal Properties 
of Steam on the Thermal Properties of Compressed Liquid 
Water* This report has been used freely by the author 
of this Thesis in the drawing of the properties of the 
subcooled liquid region* 
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THEORETICAL DISCUSSION 
General Equations of Thermodynamics 
Practically all changes in the state of a medium 
occur accompanied by heat transition• The rate of 
adding or rejecting this heat is called by such an 
eminent authority as Goodenough, thermal capacity. 
More prominent among these capacities ares (Sq/St)v, 
specific heat at constant volume, usually shortened 
to c ; (dq/dt) , specific heat at constant pressure, 
usually shortened to c ; (clo/otv)̂ , latent heat of 
expansion, usually shortened to lv; and (do/dp ).£, 
expressed by lp» It may he called to point, that 
since heat added is not a state function, these 
relations are merely rates and are not in any sense, 
partial derivities of the function of the medium, 
It may be shown that the following equations 
are true for any medium: 
(1) dq - (aa/'av)idv+(dq/tt)vdt 
(2) dq * (oVat)pdt + (oVap)tdp 
(3) dq - (aq/ap)vdp+(dq/av)pdv 
Substituting the above symbols for the 
capacities, w© have 
(4) dq - ly dv + cvdt, 
(5) dq « lp dp-j-Cpdt 
and from the charac te r i s t i c equation of the medium 
- 2 9 . 
i n question, 
v « f ( t » f ) , 
we may wr i te 
(6) dv = 3v/a t d t t ^ v / a p dp. 
We may writ© the F i r s t Law of Thermodynamics as followsi 
(7) dq - du + Ap dv 
and the Second Law of Thermo dynamic follows? 
(6) dq - T'ds 
A third thermal property, called Enthalpy, may be 
introduced with the relations 
(9) h - u + Apv 
which by differentiation is 
(10) dh - du+A p dvt-A v dp 
which may reduce to 
(11) dh - dq-f-A v dp 
Note that for a constant pressure process 
we have dh a dq and for a frictionless 
adiabatic we have dh « A v dp. 
By combining (5) and (ll) we have 
(12) Dh = (Ip+A v) dp+Cp dt 
and by combining (5) and (8) we have 
(13) ds s lp/T dp-f Cj/T dT 
Since both h and s are state functions, the differentials 
are exact and the coefficients are partial derivitives, 
so that 
3t-
(14) l p + A v 8 ( | | ) t ; and c p « ({ft)p, and 
(15) l j / T s ( | | ) t , and C p /T , ( * | ) p 
Then from (14) 
( ! 6 ) l i P + A & . ^ f P 
dT ai * 
And from (15) 
(17) % - i p s dCp 
dT * ttfT^ 
Combining (16) and (17) 
(18) i p s - A S i 
T dT 
Then from (18) we obtain 
(19) CSgpt * - AT (^)p< 
This is one of the fundamental equations proposed 
by Professor G. A. Goodenough in "Principles of 
Thermodynamic s*H 
This equation has been used with suitable constants 
to complete very comprehensive and satisfactory determina* 
tion of specific heats for superheated steanu 
This equation has the form 
, Amn(n+l) 
(20) {^~&)? - ( 1 + 3 apt) - Y W l ) which, upon 
in tegra t ion i s 
(21) cp s p ( l + 2 a p i ) j j a f e f t . l + /f(T) 
This function jjf (T) must be determined by experiment as 
well as t h e constants a, m, and n. This function has 
the form a+ bT+ fT 2 . Then the specific heat a t constant 
pressure i s a function of pressure and temperature, 
-31* 
Using these and other formulae which were built up 
from the pure mathematics of Thermodynamics, Dr. Goodenough 
computed values of the properties of both steam and 
ammonia* The constants were, of course, supplied by 
experimentation. An example taken from the work of 
Knoblauch, Linde and Kleve, which was until the recent 
investigation of the Steam Table Conference the most 
reliable on the specific volume of saturated and super-
heated steam, is5 
(22) v - c * — - (lt3ap-h J» 
P ' f11 
Sub-cooled Water Region 
Behavior of constant temperature lines in the sub» 
cooled water region is of peculiar moment because 
temperature characteristics in this region are only of 
recent development* As far as the author can determine, 
this has never bees charted for practical use previous 
to this work. Due to the energy quantity often called 
©eternal work or pump work being added as low tempera-
ture water is raised to higher pressures, the enthalpy 
is increased and at higher pressures gives enthalpy 
values much in excess of the saturated water enthalpies, 
which have hmn previously used instead* As higher 
temperature water is compressed, the increase is much 
less until at a temperature of 500° F. the isotherm is 
»83-
one of practically constant enthalpy and at higher 
temperatures shows a marked decrease in enthalpy with 
compression^ 
By the equation for enthalpy, H s E + IX » we ean 
see th© reason for this as the value of E is practically 
constant for isothermal changes at low temperatures, 
However» it has become evident that E is not a function 
of temperature at higher temperatures, so that H has 
PV 
smaller values as -j— increases. 
It is interesting to note the crossing of the 
saturation line at 
39,2 F, the point of T 
maximum density. This 
state is not shown 
by Charts but by 
attached figure as 
in article by 
Julian C. Smallwood, 
o 
in Mechanical Engin-
eering October 1931, 
Vol*53„ Page 716, "Thermodynamics of High Pressure Water*11 
The maximum enthalpy for 550 pounds per square 
inch saturated vapor is explained by th© theory that 
?/hen water vapor is formed by the combustion of hydrogen 
O.O0OO7 0-DOO20 COZ-pSO ^ 
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gas supported by oxygen gas, the molecules of HgO are 
each a complete unit held apart by a certain force. 
When energy is taken away, these attraction and repul-
sions vary and the molecules group themselves into 
(H20)?> (HgOjg etc. When these molecules are again 
heated at different temperatures and with different 
corresponding pressures being exerted, the values 
of the energy required vary and since these energy 
values compose the enthalpy values, the resulting 
variation as charted shows up with an increasing 
enthalpy of saturated vapor from low pressures up 
to about 550 pounds per square inch and then decreas-
ing up to the critical point• 
It has been practice to apply the perfect gas 
laws to very high superheated vapor of high pressures 
and to all superheated vapor of low pressures. This 
practice has been especially handy in the computations 
of low pressure vapor as present in the atmosphere* 
At pressures lower than those shown in existing 
commercially published steam tables for superheated 
vapor, it has been the practice to take the saturated 
temperature which would correspond to the superheat 
temperature of the vapor and assume that the 
constant temperature and constant enthalpy exist 
^34* 
in §tep as in gases* This method has resulted 
in marked accuracy. The Charts presented 
herev/ith have been extended into the lower 
pressure regions so that the enthalpies may 
be read directly from the Chart for superheat 
temperatures of low pressures* 
~I§~ 
METHODS USED IN DEVELOPMENT 
The Charts which the author presents herewith is not 
set forth as a new idea* The same kind of a chart is 
widely used in refrigeration for the various refrigerants< 
A similar chart was prepared by Mollier and others as 
late as 1904, though this one could not pretend to cover 
as large a range of values as the one presented herewith, 
The main value of this Chart over many others is the 
presence of very satisfactory constant volume lines as 
well as the lines of constant entropy, quality, pressure 
and temperature* W* S* Huntington used this type of 
chart for a restricted region in his book "Graphic 
Thermodynamics11 in developing his Heat-Work Diagrams. 
The Pressure-Enthalpy Charts for Water and its 
vapor, Steam, as here presented have been prepared 
after reference to many sources* Those which have 
been previously presented were for a limited region, 
due to lack of adequate research* These Charts cover 
as much of the regions as is at present known, the 
saturated water line, sub-cooled water region, wet 
vapor, or the region of the mixture of water and its 
vapor, the saturated vapor line and the superheated 
vapor region, both high and low pressure* No attempt 
has been made to include any information concerning 
the very unstable and consequently little known and 
practically un-investigated state of super-saturated 
vapor* (However, the values as found on these Charts 
~3S-
may be used in the formulae proposed by several texts 
for super-saturated steam calculations* See any standard 
text that treats this phenomenon*) 
The plotting was done on 14 plates using Semi-
logarithmic cross-section paper of three cycles* 
Arrangement of plates has been such that remarkably 
good characteristics for continuity of process exist* 
Sub-Cooled Water 
The data used in plotting in the sub-cooled water 
region was found in Table 1 Compressed Liquid, in 
article by Professor Joseph H* Keenan, on "Thermal 
Properties of Compressed Liquid Water.* Volume 53* 
Page 130 Mechanical Engineering* By interpolation 
and some extrapolation the lines of constant temperature 
and constant entropy were laid out. The specific 
volume data was not sufficient to plot nor was there 
enough variance from the saturated water volumes for 
any difference in results in engineering calculations* 
For specific volumes of saturated water, Keenan*s 
Steam Tables are recommended as the best source* 
Steam Borne 
The Steam Dome is bounded by the saturation 
curve for liquid and the saturation curve for steam. 
Tkes® have been plotted from values shown in Keenan*s 
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HSteam Tables11 which as shown in previous sections have 
been accepted as well within the tolerances of the 
International Steam Research Committee* 
The properties of quality, volume and entropy within 
the dome have been computed as follows J 
The locus of any quality, x, may be 
found by plotting the enthalpy, H, 
resulting from the use of that quality 
in the formula, H = hf+(x)(hfg) 
against the pressure corresponding 
to the values hf and hfg. 
The locus of any volume, v, may be 
found by plotting the enthalpy, H, 
resulting from the use of a quality, x, 
in the formula, H * hf+(x)(hfg) against 
the corresponding pressure when the 
quality is determined by the formula 
* - h2l 
Vf g 
The locus of any entropy, S, may be found 
by plotting the enthalpy, H, resulting 
from the use of a quality, x, in the 
formula, H * hf+(x)(hfg) against the 
corresponding pressure when the quality 
„ S-sf 
is determined by the formula x - -JJ--
*3§. 
Superheated Steam 
The properties of temperature, volume and 
entropy within the superheated region were plotted 
from values found in Keenan*s Steam Tables. Even 
values of volume and entropy were found by straight 
line interpolations* Temperatures, intermediate 
of values given in the Keenan Tables, were plotted 
by straight line interpolations* 
*>3&* 
USES OF CHARTS 
These Charts are constructed to show properties of 
one pound of water or its vapor* Any property, such as 
enthalpy, entropy, volume, may be found for a fraction of 
a pound or any multiple of a pound by the proper process 
of division or multiplication of the specific (per pound) 
value; i*e* the enthalpy of water at 1000 lbs*/ square 
inch and 500°F. is shown on Plate #11 as 487*4 b»t*u, 
Then 0*25 pound of water has an enthalpy of (0*25)(487»4)« 
121*3 b*t*u* 
Constant Pressure 
Example 1. One pound of water at a pressure of 
1000 lbs* / square inch and a temperature of 100° F«. is 
heated at constant pressure to 600° F» It is desired to 
determine heat added. Refer to Skeleton Chart, Hate #1* 
Initial state indicated as WA** is on Plate #9 at inter-
section of 1000 lbs* / square inch and 100® F.» which ha© 
an enthalpy, % s 70*5 b*t»u* The final state, indicated 
as •B", is on Plate #14 at intersection of 1000 lbs* / 
square inch and 600° F. which has an enthalpy, 
H„ •> 1248*7 b.t.u. Then the heat added, Q ts Hg * % s 
1248»7 - 70*5 % 1178*2 b*t*u* By use of steam tables 
and assuming a constant enthalpy for all pressures of 
isothermal water, the computations would be 1248*7-68 -
1180*7 b.t*u», an error of 2*5 b*t.u* 
-40-
Constant Volume 
Example 2, One pound of steam confined in a tank at 
a temperature of 700® F. and a pressure of 500 lbs . / square 
inch i s cooled unti l the pressure becomes atmospheric* I t 
i s desired to determine the heat abstracted* Refer to 
Skeleton Chart, Plate #1 . In i t i a l state i s indicated as 
"C" and i s found on Plate #14. The volume i s 1.3 eu*ft* 
and the enthalpy, 1357 b*t*u« The final state i s indicated 
as WDM on Plate #9 with volume, 1.3 cu.f t . and enthalpy, 
227*5 b*t*u* Then the heat abstracted, 
Q : ^1 - ^2 s H l " H2 * liBdEfc 
J 
• 1357 - 227.5 - iht3li^^)i^ltllL» 1012.7 b.t.u. 
778 
Throttling Process 
The solution of problems of throttling water and steam 
are especially facilitated by these Charts. HO CHART IS IS 
USE AT PRESENT as far as the author can determine which offers 
a GRAPHICAL SOLUTION OF THROTTLINQ OF WATER. 
Example 3* Throttling of Waters-One pound of water at 
a temperature of 400° F* and a pressure of 400 lbs. / square 
inch is throttled to a pressure of 14*7 lbs. / square inch. 
It is desired to determine the final condition of the medium* 
The initial state is located on Plate #10 (at E) and the 
enthalpy is read as 371.0 b*t*u. The constant enthalpy line 
(throttling is always assumed as constant enthalpy) is 
followed to the pressure of 14,7 lbs. / square inch (atmospheric 
*|3» 
pressure) where the state is found to be a mixture of 
water and steam (at F), with an entropy of }«596 and a 
quality ),196, That is, 19«6 per cent of the medium is 
steam and 80*4 per cent is water. The volume is read 
as 5*3 cu«ft« / pound, 
Example 4, Throttling of Stearn;-One pound of steam 
of unknown quality is throttled from 100 lbs* / square 
inch to a pressure of 14#7 lbs. / square inch and a temp-
erature of 240e F« The final condition is found (at G 
on Skeleton Chart, Plate #1) on Plate #13 with an 
enthalpy of 1163.5 b.t.u* Following the constant enthal-
py line to the intersection with 100 lbs* / square inch 
line, a quality of 97*4 per cent and a volume of 4»3 cu.ft, 
is found* 
Factor of Evaporation* 
Example 5« A power plant is using feed water delivered 
to the boiler at a temperature of 100° F, and a pressure of 
600 lbs* / square inch. The boiler generates steam at a 
pressure of 450 lbs* / square inch and a temperature of 
750° F* The enthalpy of the water supplied is found on 
Plate #9 (J on Plate #1) as 73,5 b.t.u. The enthalpy of 
the steam generated is found on Plate #14 (K on Plate §1) 
a® 1388»5 b.t*u» Then by the formula for Factor of 
Evaporation, we have 
*4&* 
F » ^ L L M * 1388.5 -'73.5 s M i L m U%§5 970.2 — ¥VU»2 " W0.2 
This factor is an important tool in the determination of 
capacities of power plants* 
Many other computations performed by use of other 
charts can be computed irith equal facility on these Charts» 
Among these are: computations of Rankin cycle efficiencies, 
steam turbine calculations, adiabatic compressions and 
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PRESSURE TEMPERATURE RELATIONS. 
NOTE; These r e l a t i ons between saturated temperatures and 
pressures are taken from those l i s t e d in MStesm Tables and 
Diagrams** by Keenan* The Column headed *P* i s pounds per 
square inch except where designated as * Hg. The column 





























2.0* Hg. 101.17 
1.0 101.76 
1.2 107.94 
2.5* % . 108.73 
1.4 113*28 






























































































































































































































p , T . P . T. P . T. P . T, 
99.0 327,10 134.0 349.64 169.0 367.94 220.0 389.89 
100.0 327.83 135.0 350.21 170.0 368*42 225,0 391.81 
101.0 328.55 136.0 350.78 171.0 368.90 230.0 393.70 
102.0 329.27 137.0 351.35 172.0 369.37 235.0 395*56 
103.0 329*98 138*0 351.91 173.0 369.84 240.0 397*40 
104.0 330.68 139*0 352.47 174.0 370.31 245.0 399.20 
105*0 331.38 140.0 353.03 175.0 370.78 250*0 400.97 
106.0 332.08 141*0 353.59 176.0 371.24 255.0 402*71 
107*0 332*76 142.0 354.14 177.0 371*70 260.0 404.43 
108.0 333*44 143.0 354.68 178.0 372.16 265*0 406*12 
109.0 334*12 144*0 355.22 179.0 372*62 270.0 407.79 
110.0 334.79 145.0 355.77 180.0 373*08 275.0 409.44 
111.0 335.46 146.0 356.31 181.0 373*54 280.0 411.06 
112*0 336.12 147.0 356*84 182*0 374.00 285*0 412*66 
113 .0 336.78 148*0 357*37 183.0 374.45 290.0 412.24 
114.0 337.43 149*0 357.90 184.0 374.90 295.0 415.80 
115.0 338*08 150*0 358.43 185.0 375.34 300.0 417.33 
116.0 338.72 151.0 358.95 186.0 375.78 310.0 420*35 
117.0 339.37 152.0 359.47 187.0 376.23 320.0 423.29 
118*0 340.01 153.0 359.99 188.0 376.67 330,0 426.16 
119.0 340.64 154.0 360*51 189.0 377.11 340.0 428*96 
120.0 341.26 155.0 361.02 190.0 377*55 350.0 431.71 
121*0 341.88 156.0 361.53 191.0 377.99 360.0 434.39 
122*0 342.50 157*0 362.04 192*0 378.42 370*0 437.01 
123*0 343*12 158.0 362.54 193.0 378*85 380*0 439.59 
124*0 343*73 159*0 363*05 194.0 379*27 390*0 442.11 
125.0 344.34 160*0 363*55 195.0 379*70 400*0 444.58 
126*0 344.94 161.0 364*05 196*0 380*13 410*0 447.00 
127.0 345.54 162.0 364.54 197*0 380*55 420*0 449.38 
128*0 346*14 163.0 365.03 198.0 380*97 430*0 451.72 
129*0 346.73 164.0 365.52 199.0 381.40 440*0 454.01 
130.0 347.31 165.0 366.01 200*0 381*82 450.0 456*27 
131*0 347.90 166.0 ( 366.50 205*0 383*89 460.0 458*48 
132.0 348*48 167.0 366.98 210*0 385*93 470*0 460.66 
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